We demonstrate self-seeded generation of a broadband comb in a highly nonlinear fiber resonator. When pumped with a cw laser, the fiber cavity generates a comb with two characteristic spacings. Hyperparametric modes spaced by $2 THz create the base structure of the comb, while commensurate Brillouin modes spaced by $10 GHz populate the intermediate frequency gaps. The frequency modes are coherent, and the repetition rate of the comb has been locked to a microwave standard. DOI: 10.1103/PhysRevLett.102.193902 PACS numbers: 42.65.Ky, 42.60.Da, 42.65.Es, 42.65.Yj Introduction.-The ability to create a simple, coherent optical frequency comb has potential applications in precision measurement, short-pulse generation, microwave production, arbitrary optical and rf waveform engineering, and astronomy. In particular, generation of an optical comb with modes spaced by tens of gigahertz is especially useful because the resulting comb may be easily divided into its constituents for access and control of individual modes, and the coherent connection to radio frequencies enables low-phase-noise electronic signals. Historically, frequency combs were generated through electro-optic phase modulation of a laser [1, 2] or by use of the output of a modelocked laser where the net gain is higher for a train of short pulses than for cw operation. Recent interest, however, has centered on comb generation in compact monolithic resonators. The combination of small mode volume and high quality factors (Q) makes monolithic resonators with nonlinear gain an ideal medium for efficient nonlinear optical processes. Previous work on nonlinear optics in monolithic resonators focuses on whispering-gallery modes and includes generation of frequency combs in microtoroids [3] , four-wave mixing in microspheres [4] and microrings [5] , and coherent backscattering and oscillation in LiNiO 3 and CaF 2 gain-based resonators [6] .
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Here, we report a substantially different monolithicresonator approach based upon a fiber, Fabry-Pérot (FP) cavity. In contrast to whispering-gallery resonators, which have multiple families of modes, FP resonators have a single well-defined cavity mode for a given input polarization. The macroscopic system is robust and easily coupled by free-space propagation or with standard telecom fibers, and the dispersion can be tailored via material and waveguide properties as well as with dielectric coatings. The trade-off is a lower Q value and larger mode volume, both of which increase the laser power necessary for nonlinear generation.
Our approach further differs from previous work by the multiplicative nature of the generated comb. Similar to the Raman combs of Harris [7] and Sokolov [8] , which generate frequencies that are spaced near rotational and vibrational molecular resonances, the fiber-resonator comb has two characteristic spacings. Here, however, unrelated nonlinearities seed a coherent comb. First, $2 THz spacing based on cascaded parametric generation originates from a modulation instability in the fiber and determines the overall spectral width at nearly 200 nm. Second, more narrowly spaced $10 GHz modes build from stimulated Brillouin gain. In contrast to the molecular-based multiplicative spectrum, where the vibrational modes need not be an integer of the rotational frequency, the repetitive nature of the FP resonances forces the fiber-resonator comb to have a commensurate spectrum of modes when operated in a fundamental mode of the cavity.
Cavity design and nonlinearities.-The heart of the experiment is a monolithic cavity composed of a short section of dispersion-flattened fiber that has mirror-coated end faces. The commercially available fiber, which is called highly nonlinear fiber (HNLF) due to its comparatively small core, is made of a GeO 2 -doped SiO 2 high delta core and depressed F-doped cladding. The mode field diameter is $4 m and dispersion slope at 1550 nm is less than 0:02 ps=nm 2 =km (33 fs 3 =mm) [9] . Each fiber end is mounted in a standard ceramic ferrule for ease of handling, as can be seen in the photograph of Fig. 1(a) . The end facets are polished and then coated with a dispersionflattened dielectric coating, which has a peak reflectivity of 99.9% and is centered at 1550 nm. A scan of the transmitted optical power as a function of pump laser detuning over a cavity free spectral range (FSR) is shown in Fig. 2 (a). The measured cavity finesse is >550. Because of stress-induced birefringence primarily resulting from fiber mounting, two closely spaced cavity modes are present [10] . Both polarization modes have a free spectral range of $2 GHz, as determined by the length of the fiber [FSR ¼ c=ð2n g LÞ, where c is the speed of light, n g is the group index, and L is the fiber length]. The small frequency offset between the two polarization modes is on the order of a few hundred megahertz and varies from cavity to cavity. Either birefringent mode may be suppressed by adjusting the polarization of the pump laser. During comb generation, a single cavity mode is optimized, and the pump laser is locked on the side of the cavity resonance near the peak transmission. A thermal runaway effect as shown in Fig. 2 (b) prohibits a cavity peak lock. An additional advantage of the HNLF fiber-resonator comb lies in the simplicity of the experimental system, as can be seen in Fig. 1(b) . An external-cavity diode laser (ECDL) is amplified by an erbium-doped fiber amplifier. The polarization of the cw laser is optimized to excite a single cavity mode, and light from the standard telecom fiber is mode matched into the smaller core of the HNLF. The generated comb may be analyzed in free space (preserving temporal profile) or efficiently coupled into telecom fiber. The comb properties are measured with a grating-based optical spectrum analyzer revealing the spectrum as a function of wavelength and with a fast photodetector to study the rf structure.
The cavity has gain at two characteristic frequencies that develop from disparate nonlinearities and that may be studied somewhat independently. A complete theoretical analysis of the interplay of all nonlinearities is quite involved, requiring a solution of a series of coupled nonlinear Schrödinger equations accounting for bidirectional propagation, periodic boundary conditions of the cavity as well as for material and waveguide contributions to phasematching. Here, we focus on the predominant nonlinearities. The widely spaced modes, which result from hyperparametric processes, are shown in Fig. 3(a) . In this plot, stimulated Brillouin scattering (SBS) has been suppressed by modulating the pump laser at a frequency that is not a divisor of the Brillouin shift. Previous studies on the shape of the gain curve in nonlinear fibers and fiber cavities [11] predict the location of the nearest modes. The first signal and idler modes are created through nondegenerate fourwave mixing, the position of which is determined through phasematching as well as by the zero dispersion point in the fiber. The four-wave mixing process is referred to as a modulation instability in fiber optics [12] . Although initially seen only in the anomalous dispersion regime of fibers, the use of a dispersive cavity can expand the realm of modulation instability into the range of normal dispersion [13] , where Raman gain can be suppressed. Through a series of cascaded four-wave mixing (or hyperparametric) processes, the remaining 2 THz modes are created with the expected triangular shape as a function of optical frequency. From the perspective of quantum mechanics, this is interesting due to the entangled nature of the generated photons [14] .
The second characteristic frequency spacing populates the space between the hyperparametric modes. When the parametric modes reach the SBS threshold, the Brillouin gain near 10 GHz dominates, and uniform modes across the spectrum are self-generated, as seen in Fig. 3 [17] . The relative linewidth narrowing of the Brillouin modes with respect to the input laser enables generation of microwave signals with lower phase noise [18] .
Although phasematching forces the generated SBS frequency to counterpropagate with respect to the pump laser, the cavity nature of resonator promotes bidirectional propagation. This gives rise to cascaded SBS, where each Stokes wave acts as a pump for successive Stokes waves [15] . Once the Brillouin frequency modulation is established, cross-phase modulation ensures that additional sidebands have a uniform frequency shift. If the system oscillated solely on Brillouin gain, the generated modes would have a wavelength-dependent frequency shift due to the change in index as a function of wavelength. At % 1550 nm, a shift of Á B of À6:4 MHz=nm was measured in a 50 m long HNLF.
Coherence measurement.-To test the self-coherence of the spectrum and ensure that the intermediate modes have a constant frequency spacing, 10 GHz modes from different spectral regions are compared. The microwave setup is shown in Fig. 3(c) . After the HNLF resonator, a nonpolarizing beam splitter divides the comb before the light couples into single-mode fibers. In each arm, 2 nm wide optical bandpass filters centered at 1533 and at 1567 nm select different spectral components, and the two wavelength regions are detected by high speed photodiodes. Microwave filters pass the 10 GHz rf spectra, and the signals are amplified to þ7 dBm for the local oscillator and to þ1 dBm for the rf signal before the mixer. A phase shifter in the rf arm is adjusted to account for the relative delay in optical and electrical path lengths. The baseband output of the mixer compares the 10 GHz beatnotes from each portion of the spectrum. When the Brillouin gain is not large enough to completely populate the region between the parametric modes, each group of comb modes has an independent repetition rate, and the baseband output of the mixer has a sinusoidal output. However, when the resonator is operating with a continuous spectrum, such as that of Fig. 3(b) , the output of the mixer is a dc signal with rms phase noise <3 mrad in one second, verifying that different portions of the spectrum have the same frequencymode spacing when a continuous comb is produced. Because both optical paths are required for this experiment, the pump laser is free running without a sidelock to the cavity mode. Nonetheless, the system maintains a coherent dc mixed signal for over 30 minutes, demonstrating that the relative microwave phase is stable over time.
Repetition rate locking.-In addition to showing optical coherence, the 10 GHz beat frequency can be locked to an external oscillator, as shown in Fig. 1(b) , and the repetition rate may be tuned by a few hundred kilohertz without unlocking. The method for tuning the repetition rate stems from the dependence of the Brillouin frequency on the wavelength of the pump laser, with a further enhancement in tuning range as a result of the thermal runaway ramp caused by a length expansion and a thermo-optic effect in index of refraction. As the laser is tuned up the ramp, the corresponding change in Á B enables tuning of the repetition rate. An error signal is created by detecting a portion of the comb on a high speed photodetector and mixing the signal with a reference oscillator. The error signal is fed back to the piezoelectric transducer or the current feedback of the ECDL in order to tune and lock the repetition rate. Scanning the pump laser across many cavity FSR enables a larger tuning range. Although frequency pulling is possible by adjusting the length of the cavity, the overall cavity length (or an integral number of cavity lengths) must fall under the Brillouin gain peak. If a further jump in Á B is required, cavity fabrication may be tailored to specific design parameters. For example, adjusting the GeO 2 content of the fiber core changes the velocity of sound in the medium and shifts the Brillouin frequency [19] .
Pump power dependence.- Figure 4 shows the evolution of the optical spectrum as a function of laser power. At a pump power of 500 mW in Fig. 4(a) , only the hyperparametric modes can be seen. Without intensity modulation, however, a small number of SBS modes are present on each of the 2 THz peaks. Note that when the Brillouin shift is not in a fundamental cavity mode or the gain is not high enough to continuously fill the large gaps, the Brillouin modes need not be commensurate at different spectral regions. As the power is increased to 520 mW in Fig. 4(b) , an intermediate peak develops at 1 THz spacing. In Figs. 4(c) and 4(d), midspectral regions are populated by the selfseeded Brillouin modes and cross-phase modulation. It should be noted that once the HNLF cavity is Brillouin ''lasing,'' a hysteretic effect in pump power is evident; the pump power may be decreased without loss of modes. As a result of the 2 GHz resolution limit of the optical spectrum analyzer, close inspection of Fig. 4 (d) appears to depict a continuous spectrum, as opposed to individual modes. Because the Brillouin frequency is not the fundamental frequency of the cavity, but rather 5 FSR, 2 GHz modes fill in the intermediate regions and cannot be resolved. We are in the process of fabricating shorter cavities, which should eliminate the additional modes.
In the described experiments, the 10-GHz comb modes have self-generated through SBS. Instead, the narrowly spaced modes can be seeded at an integral number of cavity FSR. In the spirit of a dual-pumped optical parametric oscillator [20] , an intensity-modulated pump drives the resonator; nonlinear generation has been observed at integer numbers up to 10 FSR with spectral widths of 100 nm. Brillouin modes may be suppressed by choosing the cavity length such that integers of FSR are detuned from the Brillouin gain peak.
Conclusion.-We have studied experimentally a new type of monolithic comb resonator that lases with a multiplicative spectrum of widely spaced as well as narrow commensurate modes. The spectral width of the comb exceeds 150 nm, and the comb modes are shown to be mutually coherent. Adjusting the frequency of the pump laser controls the comb repetition rate and enables locking to a microwave standard. Achieving relatively narrow-linewidth modes, such as those from Brillouin lasing, allows for the creation of compact, narrow-linewidth sources and frequency converters. In addition, the properties of monolithic fiber combs such as cavity Q, length, and dispersion are readily tailorable. Combs derived from SBS are interesting for low-noise microwave generation, spectroscopic studies, or coherent tomography, and the parametric modes could prove useful in the production of nonclassical states of light.
